We demonstrate that electromagnetic waves can transmit with unit transmittance through a slab of negative-permittivity media sandwiched between two identical slabs with high permittivity, although each single slab is nearly opaque. This type of transparency is accompanied by high magnetic fields, and is robust against incidence angles. Microwave experiments, in excellent agreement with finite-differencetime-domain simulations, are performed to successfully realize this idea. DOI: 10.1103/PhysRevLett.94.243905 PACS numbers: 42.25.Bs, 41.20.Jb, 78.20.2e Induced high transmittance of electromagnetic (EM) waves through opaque media has always been fascinating. Such a phenomenon is typically associated with the excitation of some kind of resonances. For example, the excitation of surface plasmons (SP's) [1], say using prism couplers, can induce high transmission through an opaque metallic film [2] . Excitation of SP's can also be enabled by the Bragg scattering of periodical surface structures, which explains Ebessen et al.'s experiment of high transmissions [3] through metal films with an array of subwavelength air holes [4] [5] [6] [7] [8] . High transmission through metallic films with thin slits can also be induced by Fabry-Perot (FP) resonance of propagating waves inside the slits [9] [10] [11] . We propose here another mechanism, different from the SPaided [2 -8] and FP ones [9] [10] [11] , to make a classically opaque flat slab with a negative " (allowing evanescent waves only) perfectly transparent. We will discuss the conditions to realize this phenomenon and the associated unusual characteristics. Specifically, we show the perfect transparency to be accompanied by high magnetic fields at interfaces, and robust against varying incidence angles. We have performed microwave experiments and finitedifferent-time-domain (FDTD) simulations [12] to successfully realize this idea.
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While our idea is motivated by effective medium theory (EMT), the final conclusion is drawn from measurements of real samples and FDTD simulations. Let us consider a homogeneous layer B of thickness d 2 with " 2 < 0, which by itself is opaque. Consider first a double layer structure combining this layer with another homogeneous layer A with " 1 > 0 and thickness d 1 . Within the effective medium framework, the AB structure will become transparent when
For a circular frequency ! and fixed parallel k component k k , we obtain a 2 2 transfer matrix Q!; k k , by which both the transmission coefficient t Q 11 ÿ Q 12 Q 21 =Q 22 and reflection coefficient r ÿQ 21 =Q 22 can be calculated [13] . If there is no absorption, perfect transmission (T jtj 2 1) appears when Q 21 0. For this AB structure, the criterion of
where k l " l p ! c and k 2 i 2 . Since the first two terms are real while the third term is imaginary, Eq. (1) can never be satisfied, indicating that perfect transmission cannot be realized in the AB structure. The reason is that the waves scattered by layers A and B cannot completely cancel each other, since the two layers are in different phase planes. This problem can be remedied when another identical A layer is added to form an ABA sandwich structure. For this structure, we find the following rigorous criterion for perfect transmission:
The third term in the above equation is also real so that Eq. (2) can be satisfied with appropriate parameter values. This perfect transmission is not induced by SP's, since the latter correspond to the condition Q 22 !; k k 0 [14] , while the present criterion is Q 21 !; k k 0. The present transparency is also not induced by FP interference [9] [10] [11] , since no propagating wave is allowed inside our B layer. The first two terms in Eq. (2) are single scattering contributions of individual A and B layers, while the third term is a multiple scattering contribution. In the longwavelength limit (k i d i ! 0), the third term can be dropped and Eq. (2) is reduced to the EMT solution: Fig. 1 (b) for this EMT-derived solution " 1 , scaled by its corresponding EMT value. A phase boundary is found to separate the lower-left region which supports the T 1 solutions from the upper-right one which dose not. The solution is closer to the EMT value in regions closer to the lower-left corner where EMT is better applicable. However, T 1 solutions survive when EMT is apparently no longer valid.
H Y S I C A L R E V I E W L E T T E R S
Figs. 2(a) and 2(b) show the field patterns for the two T 1 solutions. In both cases, we find exponentially growing evanescent waves inside the B layer to completely compensate the usual exponentially decaying wave, resulting in perfect transmissions. We find the magnetic fields to be strongly enhanced around the A-B interfaces, which is a characteristic feature of this phenomenon but not found in others [2 -11] . On the other hand, the electric field is diminished inside the B layer. After considering the phase (not shown here), we find the magnetic field pattern to exhibit odd symmetry with respect to the center plane of layer B for the EMT-derived solution, and even symmetry for the second solution. A phase diagram is given in Fig. 2(c) to show the maximum enhancement of magnetic field with respect to parameters " 2 and d d 1 d 2 for the EMT-derived transmission. The field enhancement is stronger with larger " 2 and appropriate d, in clear contrast to the EMT applicable region shown in Fig. 1(b) . This indicates that the high magnetic field is not a natural consequence of EMT.
We perform experiments in the microwave regime and FDTD simulations [15] to demonstrate such an effect. In order to realize materials with negative " or large positive " in the microwave regime, we use resonance structures, in the same spirit as ''metamaterials,'' in which a wide range of effective " is achieved with subwavelength microstructures [16] . To realize the ''B'' layer with a negative effective ", we fabricated a 0.1 mm-thick metallic mesh with periodically arranged 3:5 mm 3:5 mm air squares with a lattice constant of 4.0 mm. The metallic mesh was sandwiched between two 0.35 mm-thick substrates (" sub 6:5) to ensure the symmetry requirement. The measured transmission spectrum [17] within 1-10 GHz for this B layer is shown in Fig. 3(a) , compared with the FDTD results. Both experiments and FDTD show that the transmittance is very low in this frequency regime, since the air square size is at least 10 times smaller than wavelength [18] . Transmission through this B layer can be modeled by treating the layer as a homogeneous slab (of the same thickness 0.8 mm) with " 2 6:5 ÿ 62 2 =f 2 . Using such a model, both the transmittance [shown in Fig. 3(a) ] and the transmission phase can be accurately reproduced [19] . We employ the resonance principle to construct our layer A with required high ". The metallic structure shown in the inset to Fig. 3(b) is replicated in the xy plane with a lattice constant 12 mm. The resulting periodic planar structure was deposited on a 1.6 mm-thick dielectric substrate (with " sub 4) to form our layer A. From the measured normal transmission spectrum shown in Fig. 3(b) , which is in excellent agreement with the FDTD results, we find a clear dip in 4.59 GHz, Fig. 3(b) ] and the transmission phase can be well reproduced [19] .
We now study the ABA structure. A series of measurements and simulations were performed on such systems with different air gaps to separate layers A and B [see the inset to Fig. 4(a) ]. When the gap is very small, FDTD simulations [lines in Fig. 4(a) ] show two perfect transmission peaks at about 3.15 and 3.83 GHz. These two peaks correspond precisely to the two perfect transmission solutions shown in Fig. 1(a) . At other frequencies, Eq. (2) cannot be satisfied, leading to strong reflections. We note from Figs. 3(a) and 3(b) that neither layers A nor B is transparent within 3-4 GHz, yet the combination of these opaque layers can lead to perfect transparency. When the gap becomes larger, the two peaks persist until a critical thickness (a little bit larger than 2 mm) is reached when they merge together [ Fig. 4(b) ]. If the gap is bigger than the critical thickness, no perfect transmission exists and the maximum transmittance is less than unity [ Fig. 4(c) ]. The physics of the critical thickness is essentially the same as that shown in Fig. 1 , based on analytical calculations.
Experimental results are shown in the same figure as open circles. The overall agreement between experiments and theory is quite good for all three cases. In particular, near the critical thickness, experiments do show 100% transmissions at the frequency predicted by the theory. In each case, the experimentally measured transmission is substantially higher than that for a single mesh layer [ Fig. 3(a) ]. However, for the case of very small gap, the experimental peak is much broader than theoretical predictions and there is only one main peak instead of two, probably due to finite-size effects and absorptions.
We discuss two properties related to this transparency. FDTD simulations verified the high magnetic field associated with this transparency. For the system with a 2 mmthick gap, we find the magnetic field to be strongly enhanced in a wide frequency band (3.4 -3.8 GHz) where the transmittance is 100%. Figure 5(a) shows the local magnetic field distribution on the xy plane located in the air gap between layers A and B at a particular frequency f 3:8 GHz. In the case of a smaller air gap, the field enhancement is even larger at the expense of a narrower frequency range.
Another property is the angle-independence of the high transmission. Figure 5 (b) depicts the FDTD-calculated perfect transmission frequencies as functions of the incidence angle for the S-polarized incidence wave (i.e., keepingẼjjŷ, see inset to Fig. 4(a) ] [20] , again for the 2 mm-gap system. The perfect transmissions are stable against varying incidence angle up to very large values. This is quite different from the SP-aided high transmissions, which strongly depend on incidence angles [2, 3] . The stability is understood by examining Eq. (2), in which k l should be substituted by k incidence angle i implying a fixed parallel k component
Since j" l j 1 here, the solution of Eq. (2) has very little dependence on i , resulting in the robustness of present high transmission against incidence angles.
We note that a parallel-plate resonance cavity [21] also supports frequency-selective high transmission accompanied by high magnetic field and robust against incidence angles, as long as the medium filling the cavity has a very large positive ". However, the high transmission through a cavity is governed by the constructive interferences of multiply scattered waves (positive " required), which is different from the EMT-derived mechanism for the present ABA case, in which the inside medium (i.e., the B layer) has a negative ". Also, in the cavity case, the E field is enhanced inside the cavity and is a maximum in the cavity center, which is in sharp contrast to the patterns shown in Fig. 2(b) for the ABA case, in which the E field is suppressed and B field enhanced. Finally, we cannot find a similar critical thickness (like that in Fig. 4) for the high transmission through a resonance cavity.
In conclusion, through analytic analysis, FDTD simulations and microwave experiments, we have demonstrated a mechanism for EM wave tunneling through a classically opaque material with negative permittivity. The present transparency is characterized by high magnetic field (in the microwave frequency regime) and is robust against varying incidence angles. The present effect is also realizable in infrared or optical regimes with appropriate designs. 
